The objective of this work is to describe the tunnel electron current in single barrier magnetic tunnel junctions within a new approach that goes beyond the single-band transport model. We 
I. INTRODUCTION
One of the fast growing directions in modern magnetic electronics (spintronics) is the field of magnetic tunnel junctions (MTJs) and their applications, for example, as basic elements in magnetic random access memories, read-heads of hard drives, and magnetic field sensors. Potential are very promising, because they combine magnetic, ferroelectric, and spin filtering properties. Tunnel electroresistance and tunnel magnetoresistance (TMR) effects may coexist in these systems. The TMR arises from states of different resistance for parallel and antiparallel magnetic alignments, while the tunnel electroresistance relies on the polarization of the ferroelectric insulator. The insulating layer has to be thick enough to yield strong ferroelectricity, which usually rapidly disappears for decreasing thickness, and has to be thin enough for electron tunneling. Moreover, the ferroelectric polarization in thin ferroelectric films is conjugated with the magnitude of the lattice strain [3] [4] [5] . A high ferroelectric polarization is achieved by epitaxial film growth with an initially high difference between the in-plane lattice parameters of the substrate and the deposited layers. Obviously, the electronic band structures and transport properties of the strained FM and HM layers can be fundamentally different from those without strain.
The objective of this work is to establish the interplay between the lattice strain and the magnitude of the TMR using a multi-band approach for the electron transport. We predict that for strained symmetric MTJs the TMR is reduced, because of changes in the electronic band structure under strain. In general, the tunnel electroresistance in ferroelectric TJs should logarithmically increase with strain (the ferroelectric polarization increases), as it was shown, for instance, in the works of Zhuravlev and coworkers 6, 7 . This means there is a balanced configuration of the insulator thickness (potential barrier thickness) and strain that provides the highest TMR and tunnel electroresistance. To calculate the tunnel current and TMR we have to go beyond the assumption of two conduction channels (single-band model) similar to Refs. [8] [9] [10] [11] [12] [13] [14] .
Investigation of MTJs has a long history [15] [16] [17] [18] . In Ref. 15 Valet and Fert have introduced For simplicity, the insulator is considered to be homogeneous. Our approach does not incorporate filtering effects inside the barrier, which are important in the case of MgO or for the splitting of the valence band in SrTiO 3 and BaTiO 3 , for instance 16, 22, 23 .
II. THE MULTI-CHANNEL APPROACH
The ideas of the multi-channel approach are demonstrated in Fig 
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L is the absolute value of the Fermi vector of the left-hand electrode and ↑, ↓ is the spin index. The transmission coefficient is a function of the applied bias voltage V , of
, and of k
we can write
where the lower limit X ↑,↓ for the integration arises from the conservation of the projection of the Fermi vector in the xy-plane:
. It equals zero when the electrons tunnel from the left minority into the right majority conduction band and
when they tunnel from the left majority into the right minority conduction band. For the multi-band approach the majority and minority bands can be both spin up and down for any magnetic configuration.
To achieve a multi-channel model (or model with multi-band tunnel relations) for single crystal junctions we redefine the current density in Eq. (1):
Here η and µ are the indices of the left-hand and right-hand bands, respectively, and N and M are the numbers of bands. The combinations {η, µ}, see Fig. 1 , identify the conduction relations between the bands through the barrier. Equation (2) is valid for positive bias. The solution for negative bias is derived using symmetric relations of the system, i.e., the collector and emitter are exchanged ( 24 . The exchange-correlation potential is parametrized in the generalized gradient approximation 25 . For the wave function expansion inside the atomic spheres a maximum value of the angular momentum of ℓ max = 12 is employed and a plane-wave cutoff of R mt K max = 9 with G max = 24 is used. Self-consistency is assumed when the total energy variation reaches less than 10 −4 Ry. We use a mesh of 10 × 10 × 10 k-points for calculating the electronic structure in order to describe the ground states of the compounds with high accuracy. gaps between them, in contrast to the spin up bands. As a function of the bias the system therefore switches between a HM and FM. However, there are also energies at which neither spin up nor spin down states exist.
III. TUNNEL MAGNETORESISTANCE UNDER STRAIN
Physical parameters that characterize the properties of MTJs are the total tunnel cur- thickness is set to d = 1.8 nm, the barrier height above E F to U B = 2.8 eV, and the effective mass to m B = 0.25 29 . In our calculations for metals the effective mass is equal to the free electron mass. We have demonstrated that in-plane strain can increase and decrease the TMR and therefore makes it possible to obtain optimal regimes for MTJ applications.
